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Background. Fish oil supplementation has been shown to alter gene expression of mononuclear cells both in vitro and in vivo. However, little is known about the total transcriptome profile in healthy subjects after intake of fish oil. We therefore investigated the gene expression profile in peripheral blood mononuclear cells (PBMCs) after intake of fish oil for 7 weeks using transcriptome analyses.
Design. In a 7-week, double-blinded, randomized, controlled, parallel-group study, healthy subjects received 8 g day À1 fish oil (1.6 g day À1 eicosapentaenoic acid + docosahexaenoic acid) (n = 17) or 8 g day À1 high oleic sunflower oil (n = 19). Microarray analyses of RNA isolated from PBMCs were performed at baseline and after 7 weeks of intervention.
Results. Cell cycle, DNA packaging and chromosome organization are biological processes found to be upregulated after intake of fish oil compared to high oleic sunflower oil using a moderated t-test. In addition, gene set enrichment analysis identified several enriched gene sets after intake of fish oil. The genes contributing to the significantly different gene sets in the subjects given fish oil compared with the control group are involved in cell cycle, endoplasmic reticulum (ER) stress and apoptosis. Gene transcripts with common motifs for 35 known transcription factors including E2F, TP53 and ATF4 were upregulated after intake of fish oil.
Conclusion.
We have shown that intake of fish oil for 7 weeks modulates gene expression in PBMCs of healthy subjects. The increased expression of genes related to cell cycle, ER stress and apoptosis suggests that intake of fish oil may modulate basic cellular processes involved in normal cellular function.
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Introduction
It is well documented that consumption of fish and fish oil (FO) rich in the marine n-3 fatty acids eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) has a positive health effect in terms of several lifestyle-related diseases such as cardiovascular disease (CVD) [1] [2] [3] . However, inconsistency of the efficacy of the marine n-3 fatty acids on CVD outcome was recently demonstrated in a meta-analysis including 20 randomized controlled trials [4] . Studies exploring the cellular processes specifically modulated by marine n-3 fatty acids in vivo are therefore needed.
A low chronic state of inflammation can result in oxidative stress and may therefore promote the development and progression of lifestyle-related diseases [5] [6] [7] . It has been hypothesized that inflammation is susceptible to nutritional influences and, in particular, n-3 fatty acids have been associated with reduced plasma levels of inflammatory markers in epidemiological studies [8] [9] [10] . However, the effect seems to be small, and no firm conclusion can be drawn about the influence of marine n-3 fatty acids on circulating inflammatory markers in healthy individuals or those with CVD [11] . Other approaches including more sensitive techniques to accurately measure the nutritional influence of these fatty acids on inflammation and other nutrient-regulated metabolic processes are therefore warranted.
The ability of marine n-3 fatty acids to alter gene expression has been clearly demonstrated, and this may account for their potential beneficial health effects. Fatty acids can regulate expression of genes by acting as ligands for the peroxisomal proliferator-activated receptors (PPARs) [12] . Activation of PPARs is known to regulate the expression of genes involved in lipid metabolism and inflammation [13] . n-3 fatty acids are also known to reduce the activation of the transcription factor nuclear factor kappa B [14] and the Toll-like receptors [15] . In addition, it has been shown that signalling pathways upstream of transcription are modulated by n-3 fatty acids. The G proteincoupled receptor GPR120 was recently identified as a receptor/sensor involved in the anti-inflammatory effects of n-3 fatty acids [16] .
The peripheral blood mononuclear cells (PBMCs) include monocytes and lymphocytes. PBMCs play a vital role in inflammation and, hence, may be important in inflammatory-related diseases. Both monocytes and lymphocytes are actively involved in the development of atherosclerotic plaques. Leukocytes respond to changes in the plasma lipid levels and systemic inflammation by regulating a network of genes, including those involved in immune response and lipid and fatty acid metabolism [17] . As increased plasma lipid levels are associated with an increased risk of atherosclerosis, this may imply that data obtained from isolated, PBMCs could reflect the in vivo situation and contribute to biological and clinical insights into the human atherosclerotic process. Changes in the expression of genes related to lipid metabolism and inflammation in PBMCs have been assessed in dietary intervention studies both in large-scale microarray analyses and using single-gene transcripts with quantitative reverse transcription polymerase chain reaction; these data were recently reviewed by de Mello et al. [18] . Furthermore, gene expression studies in PBMCs seem to reflect changes occurring in metabolically active organs such as the liver, adipose tissue and skeletal muscle [19] [20] [21] . Therefore, in addition to possibly reflecting changes that occur in metabolically active organs, PBMCs are easily accessible and are also directly involved in the complex inflammation processes that underlie many lifestyle-related diseases.
We have previously reported that intake of FO (1.6 g EPA + DHA) for 7 weeks did not change the levels of serum triglycerides or of markers of inflammation in healthy subjects [22, 23] , whereas lipidome analyses in the same subjects showed an increased proportion of plasma triglycerides and phospholipids containing long-chain polyunsaturated fatty acids (PUFAs) [24] . These results indicate a remodelling of plasma lipids towards a more beneficial profile after intake of FO in healthy subjects. Microarray-based expression profiling quantifying more than 40 000 transcripts was performed to obtain a more comprehensive overview of the processes specifically modulated by EPA and DHA at a molecular level in PBMCs.
Materials and methods

Subjects
A total of 36 healthy men and women between 18 and 50 years of age who met the eligibility criteria were included in this study. A detailed description of the protocol, participant recruitment and enrolment, inclusion and exclusion criteria and compliance is given elsewhere [22] . In brief, exclusion criteria were fasting levels of total cholesterol >7. 5 
Study design
This study was part of a randomized, controlled, double-blind, three-arm, parallel-group study, designed to investigate the health effects of FO intake [22] , in which the transcriptome was analysed as a pre-defined endpoint. Subjects were randomly assigned and stratified by gender into three groups using equal randomization (1:1:1). Data from only two of the intervention groups were analysed in the present study (see Fig. 1 ). Subjects were required to take 16 capsules per day containing a total of 8 g day À1 of either FO or high oleic sunflower oil (HOSO) for 7 weeks and were instructed to take the capsules with food (during a minimum of two meals). Subjects in the FO group received capsules containing a total of 0.7 g day À1 EPA + 0.9 g day À1 DHA from cod liver oil (Gadidae sp., EPA/DHA Oil 1200, TINE SA, Oslo, Norway) and subjects in the HOSO group received HOSO purchased from AarhusKarlshamn AB (Malm€ o, Sweden). The fatty acid composition of the oils has been described elsewhere [22] . The capsule containers were identical, and the capsules were the same size and to a large extent similar in colour.
Blood samples were collected for the transcriptome analyses from subjects at visits at 0, 3 and 7 weeks. Prior to the baseline visit (week 0), a 4-week washout period was included in which foods containing marine n-3 fatty acids were excluded from the diet. During the first 3 weeks of the intervention period, a fully controlled isocaloric diet, with all food and beverages provided by Akershus University College, was consumed. The composition of the diet and the food items provided in this study have previously been described [22] . During the last 4 weeks of the intervention, the subjects returned to their habitual diet. No intake of fish, fish products, marine n-3-enriched food or additional dietary supplements was allowed during the entire study period of 11 weeks. The study was registered at www.clinicaltrial.gov (identification number NCT01034423).
Blood sampling
Subjects were asked to refrain from alcohol consumption and vigorous physical activity the day prior to blood sampling. Venous blood samples were collected after an overnight fast (≥12 h) at the same time (AE2 h). Serum samples were kept at room temperature for 30 min before centrifugation (1500 g for 12 min). EDTA tubes with whole blood were kept at room temperature for a maximum of 48 h before counting the total number of lymphocytes and monocytes.
Routine laboratory analyses
Fasting serum concentrations of high-sensitivity CRP, total-cholesterol, LDL-cholesterol, HDL-cholesterol, triglycerides and glucose as well as lymphocyte and monocyte counts were measured by standard methods in a routine clinical laboratory (F€ urst Medical Laboratory, Oslo, Norway).
PBMCs and RNA isolation
After blood collection, PBMCs were isolated using the BD Vacutainer Cell Preparation tubes according to the manufacturer's instructions (Becton, Dickinson and Co., Franklin Lakes, NJ, USA). Pellets were frozen and stored at À80°C until further RNA isolation.
Total RNA was isolated from all PBMC samples using RNeasy Mini Kit (Qiagen, Hilden, Germany) with lysis buffer with the addition of b-mercaptoethanol according to the manufacturer's instructions, and stored at À80°C. RNA quantity and quality were measured using the ND 1000 Spectrophotometer (Saveen Werner AB, Limhamn, Sweden) and Agilent Bioanalyser (Agilent Technologies Inc., Santa Clara, CA, USA), respectively. One sample had an RNA integrity number (RIN) score of 3.3; all other samples were above 8 (mean of 9.6).
Nanodrop analysis did not indicate any contamination in the RNA samples.
Microarray hybridization
Labelled extracts were prepared using Illumina TotalPrep RNA Amplification Kit (Illumina Inc., San Diego, CA, USA) according to the manufacturer's instructions. The labelled extracts were hybridized to an Illumina HumanHT-12 v4 Expression BeadChip and scanned on an Illumina HiScan microarray scanner. Illumina GenomeStudio was used to transform bead-level data to probe-level intensity values and statistics, which were exported raw (unfiltered and non-normalized) for bioinformatic analysis. After hybridization and scanning, a manual quality control step was performed, investigating density plots and hierarchical clustering of raw probe densities. All samples, including the single sample with an RIN score of <8, displayed good characteristics and were included in further analyses.
Microarray data analyses
Quantile normalization of the Illumina intensities was performed. To improve statistical power, probes without a detectable expression (detection P-value >0.01) in at least 10% of the samples were excluded from further analysis. Changes in gene expression were obtained by calculating log2 ratios between the intensities at baseline and after 7 weeks, and the two intervention groups were compared with regard to this ratio. Differentially expressed genes in each group and between groups were identified using the Linear Models for Microarray Data (Limma) [25] package from Bioconductor (http://www.bioconductor.org) with R software. Genes with a nominal P-value <0.05 were defined as differentially regulated and subjected to further gene ontology analyses with DAVID software version 6.7 (http://david.abcc.ncifcrf.gov). The list of differentially regulated genes was compared with a reference list (Homo Sapiens), and biological processes containing more than 10 genes • Lost to follow-up (n = 0)
Transcriptome analyses
• Baseline (n = 17)
• Analyzed visit 4 (n = 17) and a False discovery rate (FDR) q-value of <0.1 was considered significantly modulated.
Gene Set Enrichment Analysis (GSEA) (http:// www.broad.mit.edu/gsea/) was applied for the genes defined as expressed in PBMCs. The gene sets in the collection of C2 chemical and genetic perturbations (cgp) and C3 transcription factors from the Molecular Signatures Database (MSigDB) were used separately. Permutation (1000) was performed on phenotypes, and gene sets were defined as significantly changed for FDR q-values of <0.25 as recommended for exploratory analyses by Broad Inst.
The leading edge genes contributing to the significance of the regulated gene sets were further analysed for functional and biological pathways using MetaCore (GeneGo, division of Thomson Reuters, St. Joseph, MI, USA) for better interpretation of the GSEA result. MetaCore software is a knowledge database suitable for pathway analysis of experimental data and gene lists. The Minimum information about a microarray experiment (MI-AME) standards [26] were followed in the analysis and storage of data. The raw data are available from the Gene Expression Omnibus (GEO) (accession number GSE48368).
Other statistical analyses
Randomization was carried out by LINK Medical Research AS (Oslo, Norway) using Microsoft Excel and its random generator. Differences in baseline characteristics and number of monocytes and lymphocytes between the groups at baseline or after 7 weeks were compared by Student's t-test or Mann-Whitney U test when normally and not normally distributed, respectively, using SPSS for windows (SPSS, version 19.0, IBM Corp, Armonk, NY, USA). The significance level was set to 5% (twosided).
Results
Subject characteristics
A total of 36 normal-weight healthy subjects (26 women and 10 men) completed the study. Subjects were young and middle-aged adults (28.0 AE 8.1 years), with serum lipids within the normal range as shown in Table 1 . No differences in age, BMI, serum lipids, glucose or total numbers of monocytes and lymphocytes were observed between the FO group (n = 17) and the HOSO group (n = 19) at baseline (Table 1) or after 7 weeks of intervention (data not shown). The plasma level of n-3 fatty acids was increased in subjects consuming FO compared to the control group, as previously described [22] .
Gene expression profiling in PBMCs
Microarray hybridization was performed on RNA from PBMCs collected at baseline and after 7 weeks of supplementation from all subjects in both groups. All the microarrays fulfilled the employed quality criteria (see Materials and methods). From the 48 000 probes presented on the HumanHT-12 v4 microarray, 21 236 were defined as expressed in PBMCs.
Differences in gene expression between the two groups were determined by a moderated t-test (Limma), by comparing the relative change from baseline to 7 weeks of intervention among the 21 236 expressed genes. Overall, 470 genes were found to be differentially expressed between the two intervention groups (P < 0.05). However, no genes were significantly differentially expressed (FDR q-value of <0.1) between the two groups after adjusting for multiple testing (Table S1 ). The magnitude of the gene expression changes in the FO group ranged between +58% and À23% compared to the control group. Gene transcripts differentially expressed and changed by more than 20% in the FO group compared with the HOSO group are included Table 2 .
To identify differences across the two intervention groups, we analysed functional relationships among the 470 differentially expressed genes obtained with Limma using the pathway tool DAVID. This tool tests whether any biological processes are significantly enriched among the list of differentially regulated gene transcripts compared to a reference list (Homo Sapiens). Using the list of differentially expressed genes, 236 upregulated and 234 downregulated gene transcripts were identified compared to the HOSO group. The lists of upregulated and downregulated gene transcripts were analysed for enriched biological processes separately. Several biological processes were significantly enriched among the upregulated gene transcripts. These processes are involved in cell cycle and DNA packing and chromosome organization (see Table 3 ). No processes were significantly associated with the genes transcripts that were downregulated by FO compared to HOSO.
A moderated t-test (using Limma) identified 11 significantly changed gene transcripts in the FO group among the 21 236 expressed genes (FDR q-value of <0.1) after 7 weeks. No gene transcripts were found to be significantly changed from baseline after intake of HOSO. Three small nucleolar RNAs (SNORD13, SNORA12 and SNORD12C), two mRNA transcripts coding for VNN2 and the mRNA transcript for CD55 were downregulated after intake of FO for 7 weeks (Table S2) .
GSEA
Gene Set Enrichment Analysis was used to test whether groups of genes involved in the same biological process or pathway, or regulated by the same transcription factor, were changed after intake of FO compared with the control group among the 21 236 defined expressed genes. The relative changes from baseline after 7 weeks of intervention were compared in the two groups. Overall, 162 gene sets were significantly enriched (FDR q-value of <0.25; 72 with FDR q-value of <0.15) in the FO group compared with the HOSO group in the C2 cgp collection (MSigDB). These gene sets included several overlapping genes. Leading edge genes (1460 non-overlapping genes shown in Table S3 ) contributing to the significance of the regulated gene sets were further analysed for functional and biological pathways using MetaCore for better interpretation of the GSEA result. The results were ranked by their P-value and annotated onto the developed pathway maps. It is interesting that several pathways were significantly regulated among the leading edge genes. The top 10 pathway maps (FDR q-value of <0.05) were related to cell cycle, apoptosis, immune response, protein folding and maturation, and DNA damage (Table 4) . Metacore pathway maps of the Anaphase-promoting complex (APC) regulation of cell cycle and endoplasmic reticulum (ER) stress response are shown in Figs 2 and 3 , respectively.
Finally, to explore the regulatory mechanisms underlying the change in gene regulation we performed a GSEA analysis to test whether groups of genes with common cis-motifs were differentially regulated among the defined expressed genes. Forty-nine gene sets were significantly upregulated after intake of FO, compared with HOSO, using the C3 collection (MSigDB) ( Table S4 ). These included genes regulated by a common cis-acting element with binding sites for 35 known transcription factors such as E2F transcription factor, nuclear respiratory factor 1 (NRF1), tumour protein 53 (TP53), SP1 transcription factor (SP1), activating transcription factor and 2 (ATF4 and ATF2), Forkhead box O4 (FOXO4), macrophage migration inhibitory factor (MIF), signal transducer and activator of transcription 1 (STAT1), hypoxia inducible factor 1, alpha subunit (HIF1A), sterol regulatory element binding transcription factor 1 (SREBP1) and hepatic nuclear factor 4 alpha (HNF4A) ( Table 5 ).
Transcriptome analyses were also performed after 3 weeks of intervention. The gene transcripts identified as differentially expressed according to Limma analyses (P < 0.05) were involved in the cell cycle, chromosome organization, response to oxidative stress, translation and regulation of apoptosis (data not shown). Using GSEA analyses, no gene sets were identified as differentially expressed between the two groups after 3 weeks.
Discussion
We have investigated the transcriptome profile of PBMCs after intake of FO in a randomized controlled dietary intervention trial with healthy subjects. Intake of FO containing 1.6 g day À1 DHA and EPA for 7 weeks modulated gene transcripts related to biological processes and pathways such as cell cycle, ER stress and apoptosis compared with control (intake of HOSO). These processes and pathways were identified using an exploratory approach with several data analysis strategies. A similar transcriptome profile was observed after 3 weeks of intervention (results not shown); however, the effect was more prominent at the end of the 7-week intervention.
Gene transcripts involved in several phases of the cell cycle were identified as significantly modulated after intake of FO compared with control (intake of HOSO). Modulation of cell cycle gene transcripts was characterized by increased expression of cyclins and cyclin-dependent kinases as shown in Fig. 2 and Table 3 . Cyclins and cyclin-dependent kinases are involved in and control the transition through G1, S, G2 and the M phase of cell cycling [27] . Our results are in accordance with previously published data demonstrating upregulation of several key gene transcripts (CDK2, CDK4, CCND2, PCNA, MCM6) involved in cell cycle and DNA synthesis in PBMCs after intake of FO (1.8 g day
À1
EPA + DHA) in elderly subjects for 26 weeks [28] . In addition, pathways related to the cell cycle were upregulated by FO and slightly downregulated after intake of HOSO [28, 29] . Taken together, intake of FO may increase key regulatory genes involved in cell cycle progression at a transcriptional level in PBMCs. n-3 fatty acids have previously been shown to inhibit cell proliferation and cell growth of cancer cell lines in vitro [30] [31] [32] . Key cell cycle regulators and target proteins of cancer therapy were recently found to be downregulated by DHA in a human colon cancer cell line in vitro [31, 33] . The discrepancies observed between the effect of n-3 fatty acids on cancer cells in vitro and in studies of PBMCs from healthy subjects may be related to the fact that cancer cells have lost normal cell functions and are characterized by mutations in genes controlling cell cycle, repair functions and/or cell death.
We did not observe any change in the total number of monocytes or lymphocytes after intake of FO, indicating that the potential activation of cell cycle progression is accompanied by induction of cell death. This is supported by the observation that gene transcripts involved in the ER stress response and apoptosis were upregulated after intake of FO compared with control (HOSO). ER stress is induced under conditions of cellular stress and activates the unfolded protein response (UPR) to maintain cellular homeostasis [34] , and sustained ER stress may lead to apoptosis [35] . ER stress is associated with several diseases such as cancer, neurodegenerative disorders and atherosclerosis [36] [37] [38] . In this study, we found that genes with the common regulatory motifs for ATF4 and MIF1 were upregulated after intake of FO. ATF4 is a transcription factor involved in ER stress and the UPR response [34] , and MIF1 was recently linked to the degradation of proteins during the UPR response [39] . In agreement with our finding, the gene transcript of MIF1 in PBMCs was found to be significantly increased after intake of FO in the elderly [28] . Recent observations in cancer cell lines have shown that DHA may induce ER stress and increase ATF4 both at the protein and transcriptional levels [31] . How n-3 fatty acids induce ER stress is not known. However, the n-3 fatty acids EPA and DHA are susceptible to oxidation and may form lipid peroxidation products that could influence the cellular redox state, lead to oxidative stress and thereby induce ER stress. It is interesting that a higher expression level of autophagy-related genes was recently identified in Table 4 Leading edge genes identified with the C2 cgp collection (see Table S4 ) are visualized using Metacore
Pathway maps Ratio
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Protein folding and maturation. individuals with a high plasma ratio of n-3/n-6 compared to those with lower ratios [40] . Autophagy is a prosurvival mechanism that may have a role in restoring cellular homeostasis after oxidative and ER stress [41] and is also closely linked to lipid metabolism [42] .
Increased expression of genes that share common regulatory elements for the transcription factors E2F, TP53, STAT1, FOXO4 and SP1 further highlights the fact that intake of FO modulates cell cycle and apoptosis. In accordance with our findings showing increased expression of TP53 target genes, the mRNA transcript of TP53 were found to be elevated by Bouwens et al. [28] following intake of FO in PBMCs.
The expression of target genes with the regulatory motifs for NRF1was also increased after FO supplementation when compared with the HOSO group. NRF1 target genes are involved in mitochondrial function and biogenesis. Impairment of mitochondrial functions is associated with age-related disorders such as type 2 diabetes and Alzheimer's disease [43, 44] , and increased mitochondrial number has been associated with the life-extending effects of exercise and energy restriction in rats [45, 46] . Similar to our findings, intake of a diet rich in antioxidants and PUFAs has been shown to regulate NRF2 target genes in blood cells of healthy subjects [47] . We have also identified increased expression of genes with the regulatory motif for HIF1A after intake of FO. HIF1A controls the hypoxic response occurring at low oxygen tension and HIF1A target genes are involved in stress and defence responses [48] . Of note, Bøhn et al. [47] also found that HIF1A target genes were induced at a transcriptional level in blood cells. Taken together, these findings suggest that changes in gene transcripts towards an optimization of defence and stress processes may represent a potential way to maintain cellular functions upon exposure of redox active components in food.
Changes in the whole-genome expression profile in PBMCs or blood cells after intake of FO or n-3 supplements in healthy subjects, the elderly or patients with dyslipidaemia or Alzheimer's disease have been reported in several studies, and the changes are associated with lipid metabolism, antioxidant defence and inflammation [28, [49] [50] [51] [52] [53] . However, the biological significance of these previous studies should be determined with caution as either no control was included [52] , the mRNA samples from the subjects were pooled [49] [50] [51] or the within-group changes in the intervention group and the control group were reported separately [28, 53] .
The present study has several strengths including the double-blind, randomized, controlled study design and the use of several data analysis strategies in which the effect of FO intake was compared with that of HOSO. Among the limitations are the relatively short intervention period and the small number of subjects included. The genes identified as responsive to intake of FO were not significantly differentially expressed following adjustment for multiple testing. This is in agreement with the Fig. 3 Metacore analysis of leading edge genes. The pathway map: apoptosis and endoplasmic reticulum stress, identified with the Metacore (GeneGo) pathway tool among the leading edge genes from gene set enrichment analyses using the gene set collection C2 cgp. The leading edge genes were found to be upregulated after intake of fish oil (FO) compared with high oleic sunflower oil (HOSO). The experimental data are shown on the maps as 'thermometer-like' figures. Upward thermometers (red) indicate upregulated gene transcripts in the FO group and downward thermometers (blue) indicate the downregulated expression levels of the genes in the HOSO group. Further explanations are provided at http://pathwaymaps.com/pdf/ MC_legend.pdf. findings of other nutrigenomic studies and is probably related to the small effect of nutrients on gene expression, both with regard to the proportion of gene transcripts changed and to the induction of the changes in gene expression concordance with large inter-individual variations [29, 47] . The magnitude of the gene expression changes observed ranged between +58% and À23% compared with the control group and is in line with the findings of other dietary transcriptome studies [28, 53] . However, these moderate changes over time may still have an impact on health and lifestyle-related disease [54] . In the current exploratory study, we therefore focused on regulated biological processes and groups of genes (gene sets) rather than single genes to identify the effect of FO on the transcriptome profile. The processes and pathways identified were upregulated in the FO group compared with the HOSO group. Whether these effects are specific effects of n-3 fatty acids rather than other long chain PUFAs such as n-6 PUFAs remains to be elucidated.
To our knowledge, this is the first study to identify changes in gene expression after intake of FO compared with a control group in a dietary intervention study. Using an exploratory approach, we have identified enriched biological processes and pathways related to cell cycle, ER stress response and apoptosis after intake of FO. These processes and pathways are involved in normal cell function and may ultimately influence whole body health. 
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